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Control over the charge of a nanoparticle (NP) in a radiofrequency ion trap is crucial for mass
spectrometric and charge dependent investigations of single NPs. We show how this is achieved for
positively charged silica NPs (nominal diameter 100 nm, 350-1400 e) with a simple experimental realiza-
tion using a standard cold cathode gauge. The change of the NP charge is the result of processes,
where electrons and cations interact with the trapped NP. We investigated how NP charging depends
on pressure and gas type as well as on the ion trap amplitude and waveform, which can be used for

Received 7th November 2025, charging and discharging in a wide NP charge range. The measurement of average charging rates as a

Accepted 11th February 2026 function of the NPs' charge for widely varied experimental parameters allows us to capture essential
DOI: 10.1039/d5cp04304b relationships between gas pressure, NP charge, trap potential and net charging rates. The acceleration

of gas cations by the trap potential is shown to be the driver of electron abstraction from the NP by gas
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Introduction

Obtaining information on the intrinsic properties of single
nanoparticles (NPs) remains a major challenge in nanoscience.
While ensemble experiments suffer from chemical and physical
heterogeneity, most single particle techniques involve the char-
acterization of supported NPs. In contrast, using a Paul-type ion
trap allows to non-destructively determine the absolute mass
and charge of individual NPs isolated in the gas phase. This
approach was first realized and refined by the groups of Gerlich
and Anderson."” The cryogenic Single Nanoparticle Mass
Spectrometry (NPMS) instrument we use contains a Paul-type
trap and is specifically designed for surface adsorption experi-
ments as well as absorption and fluorescence spectroscopy of
single NPs.*>"® To achieve long-term stability of a cationic NP in
the ion trap (typically operated at 25 kHz frequency and 200 V
amplitude for 100-1000 MDa NPs)* and high signal quality, it
was found beneficial to charge the NPs up to charges of around
+1000 e. The present investigation of the charging behavior of
single NPs sheds light on the charging mechanisms and allows
to change the NP charge in a controlled manner in both
directions which simplifies experiments and is crucial to inves-
tigate the influence of the NP charge on other NP properties.
The charge of individual NPs in the gas phase can be
manipulated by exposing them to an electron gun,"” ion
beam,” soft X-rays,® UV light,”'° high electric fields'' or a cold
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cations and thereby makes high NP charges accessible.

cathode gauge.”* Different charging techniques evoke different
charging mechanisms. Direct photoelectric charging happens
when a NP absorbs photons and subsequently electrons are
emitted. Diffusion charging occurs when charge carriers such
as gas ions collide with a NP due to their Brownian motion
followed by charge transfer.>'" Excited rare gas species might
drive Penning ionization on a NP surface.'®> The underlying
mechanisms of photoelectric charging of individual SiO, NPs
in an ion trap by exposing them to soft X-rays have been studied
previously.® Furthermore, electron bombardment has been
used to charge gold clusters as well as 500 nm SiO, NPs in an
ion trap.'>'* Diffusion charging of aerosol particles by gas ions
has been theoretically described"® and experimentally investi-
gated using high electric fields or soft X-rays.'" In this study, we
investigate charging of individual NPs in an ion trap by inter-
actions with ions and electrons.

While direct photoelectric charging takes place throughout
the NP volume, diffusion charging only happens at its surface.
Charge carriers can interact with the NP surface in different
ways. Electrons can attach to the NP, provided their kinetic
energy is low enough to be sufficiently dissipated upon the first
collision,® discharging a cationic NP. Sufficiently fast electrons
can perform electron impact ionization of the NP,'* and thus
further charge a cationic NP. Moreover, electrons can collide
with gas atoms or molecules and thereby generate gas cations
and secondary electrons by electron impact ionization.
In principle, fast electrons with a kinetic energy above the
ionization potential (IP) of the gas are required to produce
gas cations, while slow electrons more likely attach to the NP.
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Fig.1 Scheme of (a) electron attachment to the NP (light blue), and
(b) electron abstraction from the NP by gas (gray) cations. For (b) an
electron coming from the cold cathode gauge collides with a gas atom,
forming a gas cation (white plus sign) and secondary electrons by electron
impact ionization. The gas cation then abstracts an electron from the NP
surface and becomes neutral.

Gas cations can abstract electrons from the NP, further char-
ging a cationic NP. Fig. 1 illustrates the mechanisms of electron
attachment to the NP and electron abstraction from the NP by
gas cations, which we expect to be the two dominant mechan-
isms that influence the NP charge in case of moderate electron
kinetic energies.

In this study, a cold cathode gauge which is directed toward
the ion trap is used to charge or discharge NPs trapped in the
NPMS instrument. This is an inexpensive and practical method
because cold cathode gauges are readily available in many
vacuum setups. Cold cathode gauges have been used previously
to charge individual NPs in a gas-filled ion trap but the under-
lying mechanisms have not been investigated. The cold cathode
gauge works based on electron impact ionization and produces
gas cations, electrons, and photons. Based on the mean free
path, the number of gas cations emitted by the gauge that could
reach the trap center is negligible above a pressure of 2 x
103 mbar (see Fig. S1a in the SI). Electrons that would escape
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the gauge region despite the permanent magnetic field could
reach the trap center in the entire pressure range investigated
here. Ultraviolet radiation from the gas discharge and X-ray
bremsstrahlung from electrons striking the anode can produce
electrons on remote surfaces by the photoelectric effect.
Electrons can furthermore collide with gas atoms or molecules
and thereby ionize or excite them and generate secondary
electrons.”

We investigated positively charged NPs and therefore define
charging as increasing their positive charge and discharging as
decreasing their positive charge. The total charging rate is
expressed as the difference kiora1 = kapst — kare Of the electron
abstraction and attachment rates. Charging over a time period
At leads to a net change of the NP charge AQ = ka1 At that can
be measured by mass spectrometry.1 kiotal is influenced by the
experimental conditions that determine which charging
mechanism dominates. One of the influential parameters is
expected to be the buffer gas type that is leaked into the trap:
with a higher electron impact ionization cross section og; of the
gas, more gas cations are produced (see Fig. 2(1)) that can
abstract electrons from the NP, increasing the electron abstrac-
tion rate k,pse. Similarly, at a higher pressure, more gas cations
are produced (see Fig. 2(2)), also increasing kaps; and thus keogar-
If the origin of electrons and the trap center were in close
proximity to each other, one would expect a linearly increasing
number of primary electrons with the pressure and a quad-
ratically increasing number of cations produced by them so
the pressure dependence of ki Would be quadratic (see
Fig. 2(3a)). When considering a distance between the origin
of electrons (e.g. photoemission from the metal surface of the
tube connecting the gauge to the trap chamber) and the trap in
the present setup, this scenario only holds for low pressure
without collisions. The situation is more complex for increasing
pressure: collisions with gas atoms reduce the electron mean
free path, counteracting the increase of primary electrons,
while also secondary electrons are produced by electron impact
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Fig. 2 Schematic of how more gas cations are generated (1) when using a gas with a higher electron impact ionization cross section o, (1a to 1b),
represented by the area of a transparent circle or (2) when increasing the pressure (from 2a to 2b). (3) Pressure dependence of the charging rate kiota. The
electron abstraction rate kapst and the electron attachment rate k. depend on the number of gas cations and electrons, respectively. With Kiotal =
Kapst — Katt, the pressure dependence of kioa is quadratic for a linearly increasing electron number (3a) and linear for a constant electron number (3b).
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ionization and add up to the number of electrons in the trap
center. In the case of a constant number of electrons, k. is
constant and therefore the pressure dependence of k,ps; and
Kkiotar 1S linear (see Fig. 2(3b)), which will turn out to be a good
approximation for the empirical data below.

Apart from the gas type and pressure, ki, should depend
on the NP charge. The IP of the NP rises with its charge and
therefore gas cations experience a higher Coulomb repulsion.
Conversely, electrons approaching the NP experience a higher
Coulomb attraction by highly charged NPs. Therefore, we
expect that a high NP charge fosters electron attachment while
a low NP charge fosters electron abstraction by gas cations.
These considerations can be quantified with the collision cross
sections of cations and electrons with a positively charged NP
derived in Section S10 of the SI,

cation— NP 2 Qe 1
=nR(1-— 1
Teoll § ( 4ncoR Ekin) @
electron—NP 2 Qe 1
=nR" |1 2
Oeol § ( T anaR Ekin)’ @

with the NP charge Q and radius R, elementary charge e,
vacuum permittivity €y, and initial kinetic energy E, of the
cation or electron, respectively. The collision cross section with
cations decreases with increasing Q and vanishes when the
initial kinetic energy is smaller than the Coulomb potential at
the NP surface. In contrast, the collision cross section with
electrons grows with increasing Q.

Considering the energy balance for electron abstraction by
gas cations is instructive to estimate the maximum NP charge
for which electron abstraction would be energetically possible
in the absence of the ion trap. If the gas IP exceeds that of the
NP, electron abstraction is favorable with the energy gain

Qe

AEabst = IPgas - W - W7

3)
where Q is the NP charge, R the NP radius, ¢ the vacuum
permittivity and W the work function (see Section S11 for
details). The second term approximates the NP surface
potential by the Coulomb potential. While previous studies
have shown that it tends to underestimate the actual surface
potential, it remains a useful approximation for the purpose of
this analysis.®'? For NPs, the work function can differ from that
of the bulk due to size and surface structure effects.’”” Further-
more, adsorbed gas and impurities from the atmosphere on the
NP surface may alter the work function. Here, we use the work
function of the bulk of 5 eV for Si0,"® as a first approximation
for W. For a 130 nm diameter NP, the energy balance predicts
that charging a NP with a charge above 300 e (500 e) is not
possible for O, (Ar) gas. When neglecting W, the electron
abstraction limit is at a NP charge of about 550 e (700 e) for
O, (Ar) gas. In practice, much higher NP charges are easily
reached.

In the following, we probe the charging rate ki, of indivi-
dual SiO, NPs in an ion trap at room temperature over a large
range of positive charges by exposing the NPs to charge carriers
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generated by a cold cathode pressure gauge. We demonstrate
that the NP charge can be manipulated in a controlled way by
adjusting the pressure, the buffer gas type in the trap chamber
and the trap potential. The gases investigated are Ar, N,, O,,
and He. Exploring different amplitudes and waveforms of the
ion trap potential using a high-precision programmable wave-
form generator reveals its influence on the charging and
discharging dynamics. The mechanisms underlying NP char-
ging and discharging are evaluated with respect to the type,
origin, number and kinetic energy of the involved charge
carriers. A simple model considers electron abstraction by gas
cations and electron attachment. It is complemented by simu-
lations of electron and ion motion in the trap region that
provide evidence of the important role of the trap potential to
reach significantly higher NP charges than expected from the
IPs of the NP and gases.

Methods

Experimental

Suspensions of silica NPs (Nanocomposix) with a nominal
diameter of 100 nm in water were used. The NPMS instrument
and the measurement principle is briefly described here and in
detail elsewhere.>® NPs are introduced into the NPMS instru-
ment by electrospray ionization (ESI). They are trapped in a
splitring electrode Paul-type ion trap optimized for large
optical access. A cross section of the ion trap is shown in
Fig. 3. The radiofrequency trapping potential is applied to the
split-ring electrode and the end-cap electrodes (blue and red
electrodes, respectively, in Fig. 3). For mass spectrometry,
trapped NPs are irradiated by continuous-wave 532 nm radia-
tion from a diode-pumped solid-state laser (Gem 532, Laser
Quantum GmbH) with a power of 4 mW. The beam diameter in

scattered light to
avalanche photodiode

charge carriers from
cold cathode gauge

Fig. 3 Schematic cross section of the ion trap with the split-ring electrode
(blue) and the end-cap electrodes (red). The excitation electrodes (green) are
used for resonant excitation of the particle motion. The laser (horizontal light
green line) is aligned along the cylindrical trap axis. The light scattered by the
NP is measured by an avalanche photodiode. A cold cathode gauge gen-
erates charge carriers that can change the NP charge.
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the trap center is 1.08 mm. The light scattered by the NP is
detected by an avalanche photodiode (Count 50 C, Laser
Components) which is mounted perpendicular to the laser
beam. A periodic voltage of 5 V is applied to the excitation trap
electrodes (green electrodes in Fig. 3) and its frequency is
scanned to determine the secular frequency of the NP by
resonant excitation of its motion.> The secular frequency is
proportional to the mass-to-charge ratio. Absolute charge and
mass are deduced from secular frequency steps between differ-
ent NP charges.

The gas flow into the trap was adjusted using a mass flow
controller (EL-FLOW Prestige, Bronkhorst). During NP trap-
ping, Ar gas was set to a pressure of 7 x 10> mbar with a
needle valve while opening the mass flow controller. For
experiments on charging dynamics, gas type and pressure were
varied. The pressure during mass spectrometry intervals was
constant at 3 x 107> mbar. The gas flow was converted to
absolute pressure using a gas-type independent capacitance
manometer (627F Baratron, MKS) that was attached to the ion
trap by a Teflon tube. The capacitance manometer reading was
corrected for thermal transpiration.'® The lowest pressures
could only be reached by closing the mass flow controller and
pumping down to a desired pressure range. In this case,
pressures were measured with a cold cathode gauge (WRG-S,
Edwards Vacuum) that was calibrated to the absolute pressure
at low gas flows and mounted such that it does not interact with
the trapped NP.

The polarity of the NP charge was determined by observing
the movement of the light scattered by the NPs on a sCMOS
camera (Marana 4.2B-6, Andor) when the NP is attracted or
repelled by a potential applied to two metal rods above the
ion trap.

Sinusoidal trap potentials were generated by a function
generator (33510B, Keysight) and a home-built amplifier. As an
exception, experiments with alternating waveforms or ampli-
tudes were carried out with an audio- and radiofrequency
generator for output voltages of up to £400 V and frequencies
up to about 100 kHz (HV-AMP400FN-2D, CGC Instruments)
that allows to define arbitrary waveforms and switch between
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them during trapping without interrupting the signal output.
Besides a sine wave, a sinusoidal waveform interrupted by gaps
of zero potential between the half cycles was used. The transi-
tions between sine wave and gaps were rounded off to reduce
high harmonics in the frequency spectrum that would
be distorted by the amplifier. The trap frequency was kept at
25 kHz throughout the experiments with the stability parameter
q. typically staying below 0.3, such that no frequency adjust-
ment was required for stable trapping.

Charge changes AQ of the NP were induced by turning on a
wide range pressure gauge (WRG-S, Edwards Vacuum) which
contains a cold cathode gauge (along with a Pirani element that
does not influence the NP charge) for a designated time At
(see Fig. 4). The distance between gauge and trap center was
20 cm for most experiments except those with varied waveform
settings, where the distance was 40 cm. An aluminum foil with
cutouts is installed between gauge and trap center, blocking the
central line of sight to reduce the stream of photons and charge
carriers coming from the gauge (see Fig. S2). Charging intervals
(without laser irradiation) at varying pressures were alternated
with secular frequency measurements (from which Q is derived)
at constant pressure, since the latter were disturbed by light
emitted from the plasma in the cold cathode gauge.

To sample different pressures at all Q, different pressure
values were cycled through during relatively short durations
with similar Q (see Fig. 4b). The waveform and amplitude
were only modified during charging intervals and alternated
between successive charging intervals of identical pressure to
ensure comparable sampling. A Python program allows to
define flexible experimental sequences, in particular to decou-
ple charging and mass spectrometry intervals. It communicates
via TCP/IP with a Labview program for device control and
automated monitoring of the secular frequency.

To obtain information on the pressure dependence of the
number of electrons present in the trap while the cold cathode
gauge is turned on, the end-cap electrodes closest to the trap
center (red in Fig. 3) were connected to a picoamperemeter
(9103, RBD Instruments) with a bias potential of +90 V. During
current measurements, the trap potentials were inactive.

Time (min)

Fig. 4 NP Secular frequency f, as a function of time. (a) Example of a measurement cycling through seven different pressure values during charging, one
of which is shaded in gray. A zoom of the black box is shown in (b). (b) The NP charge Q (red bars) is derived from the NP secular frequency (black dots).
The cold cathode gauge is active in time intervals At to induce charge changes AQ.
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Simulations

Simulations were performed with the SIMION 8.1 software.>
Electron and cation trajectories were calculated based on a
given trap geometry. As input parameters, the starting position,
direction, electron kinetic energy, Ar cation kinetic energy as
well as the initial phase of the oscillating trap potential were
varied. Simulations were also carried out for different wave-
forms and amplitudes. A sphere with a diameter of 0.3 mm was
used as criterion when ions or electrons reach the trap center.
The presence of gas was neglected as the mean free path for an
Ar atom (or cation) for the highest investigated pressure of
5 x 10~ mbar is 2 cm, which corresponds to the trap radius,
and the mean free path for electrons exceeds the longest
calculated electron trajectories.

Data evaluation and visualization

The data were grouped by pressure and NP charge. For pre-
sentation, either a NP charge subset of the data was grouped by
pressure and kg, was plotted against the pressure (as in
Fig. 5a) or vice versa (as in Fig. 5b). For each group, the charging
rate keota1 Was determined by dividing the total charge change
2AQ by the cumulative time the gauge was active 2A¢. Error
bars for each group represent the standard error of the mean
charging rate, calculated as the standard deviation of the

A
individual charging rates A—? within each interval A¢ divided

by the square root of the sample size.

Results and discussion

Spontaneous charge changes of a trapped NP occur about once
per day. In contrast, the NP charge changes as soon as the cold
cathode gauge is active, which is consequently the only relevant
source of charge carriers. Both positive and negative charge
changes AQ of the positively charged NPs are measured within

(a)

20 A
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time intervals At under all applied experimental conditions.
This shows that at least two charging mechanisms of opposite
sign contribute to the observed AQ values.

The role of buffer gas type, pressure and NP charge

Fig. 5 illustrates the dependence of the charging rate ko, on (a)
pressure p and (b) NP charge Q for a single NP with different
buffer gases. It focuses on experimental conditions for which
electron abstraction is expected to be efficient due to (a) low Q
and (b) high pressure. The expectation that ki, increases with
higher pressure (see Fig. 2(3)) is confirmed by the data shown
in Fig. 5a, except at the respective highest Ar and N, gas
pressures. The charging rate is highest for Ar and lowest for
O,. While ki remains predominantly positive across the
examined pressure ranges for Ar, N,, and He, it is mostly
negative for O,. Fig. 5b shows ki as a function of Q. With
higher Q, ka1 decreases for all gases, which is partly explained
by the linearly decreasing cation-NP collision cross section in
eqn (1), except for Ar and O, between 600 and 800 e. The
available He data at low Q show similar low charging efficiency
as for O,. Ar only exhibits a higher k., than N, around 800 e.
An equilibrium between charging and discharging rate is
reflected in the maximum charges Qmax, at which ks becomes
zero—meaning further charging under the same conditions is
no longer possible. For a 130 nm diameter NP, Qy,ax is around
1400 e for Ar and around 900 e for O, (see Table S1 for all NP
diameters). These values represent soft limits, as ko was
averaged over a range of pressures (see figure caption). The
Ar and O, data were obtained from three NPs of different sizes
which may result in slight variations in surface potentials and
thus Qpax-

Fig. 6 shows complementary data to Fig. 5 for high Q and
low pressures (inset) where electron abstraction is expected to
be less and electron attachment to be more efficient. Indeed, at
high Q (empty markers), ko With O, is negative over the entire
pressure range. As expected, a high Q facilitates discharging,

(b) NP surface potential (V)

ktotal (min_l)
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Fig. 5 Charging rates kiota With different buffer gases (Ar, N,, He, O,) plotted against (a) pressure p at low NP charge Q (500 to 800 e) and (b) charge Q at
high p (3 x 10~ mbar to 5 x 10~ mbar). Gray shaded areas show the selected experimental range for the respective other figure. Dotted lines serve to
guide the eye. The upper axis in plot (b) gives the surface potential of a 130 nm diameter NP. The electron attachment rate k4 is plotted against Q (black
dots) and fitted (black line) for O, and N, data (for details see section on the electron abstraction probability below).
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Fig. 6 Charging rate kot plotted against the pressure p for Ar (green) and O, gas (orange) for low NP charge Q = 500 to 800 e (filled markers, as in
Fig. 5a) and high Q = 1100 to 1300 e (empty markers). The inset shows a zoom of the low-pressure range for Ar gas. The error bars indicate statistical

uncertainties. Dotted lines serve to guide the eye.

while a low Q fosters charging. An immediate practical implica-
tion of these results is that NPs can be efficiently charged with
high Ar pressure and discharged with low O, pressure.

All gases exhibit an approximately linear pressure depen-
dence of ka1 (see Fig. S8), except for deviations at the lowest
and highest pressures. The inset in Fig. 6 reveals that for Ar,
keota1 initially decreases up to 0.4 x 10~> mbar before increasing
again—similar to the behavior in Fig. 2(3a). In other words,
discharging becomes more efficient with increasing pressure at
first, but less efficient beyond a certain threshold. O, shows a
comparable trend, though the transition to increasing kiotal
occurs only above 2.5 x 107° mbar. In comparison to
Fig. 2(3a and b), these findings suggest that the electron
number increases with rising pressure up to 0.5 x 10~ % mbar
for Ar and ~3 x 107> mbar for O, and is approximately
constant above that. This is supported by measuring the
electric current on the ion-trap electrode located closest to
the ion-trap center (see Fig. S3): the number of electrons in
the trap at first increases with rising pressure to a local
maximum, then decreases (only for Ar and He) and is roughly
constant above ~ 10> mbar; for O,, it is still slightly increasing
up to ~3 x 107° mbar. At low pressure, the number of
electrons reaching the ion trap increases with pressure, as
collisions with gas species are negligible (see mean free path
based calculation in Fig. S1a). At higher pressures, the balance
between primary electron formation (expected to scale linearly
with pressure), electron loss via collisions (likely to scale
exponentially), and secondary electron production by electron
impact ionization leads to a near-constant electron density in
the trap.

The empirical results discussed so far support the expected
charging mechanisms presented in the introduction: negative
keotar values at low pressure and the electric current mea-
surements indicate the presence of electrons in the trap and
the dominance of electron attachment over electron impact

This journal is © the Owner Societies 2026

ionization of the NP and electron abstraction by gas cations.
The observed increase of positive ki values with higher
pressure indicates that charging is caused by the presence of
gas cations. It also shows that the influence of gas cations
possibly emitted by the gauge is of little importance: at low
pressures, electron attachment is dominant, and at higher
pressures, gas cations will be strongly suppressed by collisions
before reaching the trap due to a shorter mean free path (see
Fig. S1a). We conclude that the gas cations that drive electron
abstraction are produced by electron impact ionization in the
trap region. The finding that a high Q reduces charging and
fosters discharging qualitatively agrees with the increasing IP of
the NP for higher Q.

The role of the ion trap potential

It is, however, striking that the experimentally determined
maximum charges Qumax in O, and Ar atmosphere of up to
900 e and 1400 e (see Fig. 5b) for a NP with ~130 nm diameter
(see Table S1 in the SI) are much higher than the limits for
electron abstraction via thermal gas cations at Q ~ 300 e and
500 e, respectively, according to eqn (3). The energy balance
thus cannot be interpreted as the IP of the gas cation providing
the required energy to abstract an electron from the NP. In the
diffusion charging mechanism, Brownian motion makes ions
collide with initially neutral particles. For our case, electron
abstraction from the NP surface by a colliding cation neutra-
lizes the latter which can then freely leave the NP surface. If the
IP of the neutral gas is higher than the work function at the NP
surface, electron abstraction is thus possible as long as cations
collide with the NP. This limits diffusion charging of a 130 nm
NP to a charge of few elementary charges that cause a Coulomb
repulsion that surpasses thermal kinetic energies at room
temperature. It thus becomes clear that gas cations with high
kinetic energies need to drive NP charging to high charges. The
neutral gas is thermal such that high kinetic cation energies
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Fig. 7 (a) Starting positions of gas cations that reach the trap center with a kinetic energy above 160 eV. (b) The trap potential in radial (blue) and axial

(red) direction at a phase of 0.5t and 1.5n. The inset shows the corresponding potential (200 V amplitude, sine waveform) applied to the split-ring

electrode and the end-cap electrode (gray, marked with | and I, respectively,

in panel (a)). The inset further shows the start (solid lines) and end (dashed

lines) times of the cations for motion in axial and radial direction in light red and light blue, respectively. In panel (b), the corresponding start locations of
the cations are depicted as light blue and red areas, the end location in the trap center as a dashed line. The starting positions for all simulated cations

were equally distributed over the area enclosed by turquoise dotted lines.

can only be reached by acceleration of the nascent ions in the
trap potential which is discussed in the following.

The trap frequency of 25 kHz used to trap NPs is too low to
trap thermal gas cations and electrons with much lower mass-
to-charge ratios, but they are still accelerated in the trap
potential. The motion of cations in the trap was calculated
for different starting positions and phases of the trap potential,
and with initially zero kinetic energy since thermal energy is
mostly negligible. The starting positions were equally distrib-
uted over the area enclosed by turquoise dotted lines in Fig. 7a.
The simulations show that only ions that are formed in specific
regions and at an adequate phase of the trap potential reach the
trap center. The following discussion focuses on the maximum
possible acceleration that corresponds to the limit of electron
abstraction from the NP. The highest acceleration is achieved
from starting positions close to the trap electrodes at the
phases of maximum potential. The two regions from which
ions starting at opposing phases reach the ion trap center with
kinetic energies of 160 eV and higher are depicted by colored
areas in radial (blue) and axial (red) direction close to the split-
ring electrode and the end-cap electrode, respectively (the
colors correspond to the electrodes in Fig. 3 that are addition-
ally denoted by I and II in Fig. 7a). The waveforms of the trap
electrode potentials (with a maximum of 200 V) are plotted
against the phase for radial and axial direction, respectively, in
the inset in Fig. 7b. The phases of start and end time of the
fastest cations are depicted by light solid and dashed lines,
respectively. The electrode potential is nearly the same at the
start and end time of the cation motion towards the trap center.
Therefore, the ion acceleration is essentially captured by static

6050 | Phys. Chem. Chem. Phys., 2026, 28, 6044-6055

potentials that are plotted along the radial and axial symmetry
axes in Fig. 7b. Due to the R™" dependence, gas cations only
significantly experience the Coulomb barrier when their dis-
tance from the NP is less than about 1 um. Consequently, gas
cations are accelerated until they reach the trap center with
their final speed, which is then available to overcome the
Coulomb batrier.

The acquired kinetic energy depends on the initial distance
from the ion trap and can reach values of above 170 eV which
allows gas cations to overcome the Coulomb potential of a
130 nm NP up to a charge of almost 8000 e (see Fig. S4). Taking
into account the trap potential as a driver of NP charging, both
the (phase dependent) kinetic energy Ei;, of the accelerated gas
cations and the IP of the gas species contribute to the energy
balance of the two-step electron abstraction process:

Qe

AEabst = Exin — m

+ 1Py — W. (4)

Gas cations can only be accelerated to high kinetic energies if
they are generated by electron impact ionization at the pre-
viously described specific locations and phases. Therefore, we
now consider for which potential phases electrons can access
which trap regions. In the first half cycle (0 to n) of the potential
along the radial axis, the ideal location for maximum accelera-
tion of cations is close to the saddle point of the positive
potential at the outer edges of the blue regions in Fig. 7a.
At the same time, electrons approaching from the gauge are
attracted to this region. During most phases in the first half
cycle, they are sufficiently accelerated by the trap potential to

induce electron impact ionization, regardless of their initial
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speed. The axial red region at opposite phase (see Fig. 7a) is less
important for cation generation and acceleration, as electrons
are blocked by a barrier from entering and will not be easily
steered to these geometrically hidden regions.

Having established the importance of cations that originate
from the blue region in Fig. 7a at about 7 mm distance from the
trap center, we note that at the highest investigated pressure of
5 x 10~ mbar, only 60% of the ions reach the trap center due
to their decreased mean free path (see Fig. S1b). The linear
trend in Fig. 5a will therefore be suppressed at pressures
beyond the range investigated here.

The finding that the trap potential accelerates cations raises
the expectation that a higher trap amplitude leads to a higher
Qmax due to increased kinetic energies of the gas cations.
Conversely, an interrupted trap potential should lead to a lower
kiota1 because for a fraction of the period neither electrons nor
cations (that are produced by the fast electrons) are accelerated
while slow electrons can freely pass to the trap center. Simula-
tions of the electron motion in the trap (see Fig. S5) show that
the sine waveform works as a filter that hinders slow electrons
from reaching the trap center. Using a waveform with a gap
significantly increases the fraction of slow electrons reaching
the center region (see Fig. S5 and S6), which is favorable for
electron attachment. Indeed, experiments confirm that higher
trap potentials lead to a higher ko (Fig. 8) and a higher Qmax
(Fig. 9) while an interrupted waveform fosters discharging
(Fig. 8). We measured ko1 With Ar for (A) a higher amplitude
of 238 V of the trap electrode potential compared to (B) the
standard sine waveform with 200 V amplitude and to (C) a sine
with gaps of zero potential and an increased amplitude of
238 V, such that the secular frequency of the NP remains
unchanged relative to (B). The results show that k., rises with
higher trap potential for the same waveform (settings A and B).
Comparing the different waveforms for the same amplitude of
238 V (settings A and C) shows that discharging in the lower
pressure range is more efficient for a sine with gaps, even
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despite the strong opposite effect of the higher amplitude.
A quantitatively similar effect is seen at 200 V amplitude and
low NP charge, where charging is generally more favorable (see
Fig. S7).
potential gaps could significantly enhance discharging rates
and open the door to increase the negative charge of anionic
NPs which could not be achieved with the present setup.

The results confirm the strong influence of the amplitude on
the maximum charge that we concluded from the discrepancy
between the observed maximum charge (Fig. 5b), the Coulomb
barrier of the NP and the simulations described above. A linear
fit of the maximum charge versus trap electrode potential
amplitude at constant pressure in Fig. 9 shows that an increase
of 1 V in amplitude enables the NP to gain approximately 4

Synchronizing a pulsed electron source with the

additional elementary charges. The extrapolated experimental
Qmax of about 650 e at vanishing potential lies within the Q
limits for electron abstraction of 500-700 e in the energy
balance in eqn (3) and suggests a work function below that of
the bulk. The possibility to discharge NPs using a sine with

6 (A) 238 V, sine 200 - 238 V
-f1- (B) 200V, sine
41 (C) 238V, gap 0-
e ; -7 ' 200
E 0 S 200V
~ “" s R T 0_
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Fig. 8 Charging rate kiota for Ar gas as a function of the pressure p for different trap potential amplitude Ug or waveform (A)—(C) and high NP charges Q
from 1150 to 1450 e. Different amplitudes and waveforms are displayed on the right as a function of the phase @.
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gaps as a trap potential waveform (see Fig. 8) is beneficial in
cases where inert experimental conditions are required and
therefore O, should be avoided as a buffer gas.

In the present study, the trap frequency was kept constant.
In reaction kinetics experiments, large changes in the NP mass-
to-charge ratio may require adjustments of the trap frequency
to maintain stable trapping.>' Such adjustments are not expected
to significantly affect charging rates, as the trap frequency
remains low compared to electron and ion motion, and thus
allows the above static description.

While we chose the cold cathode gauge as an easily acces-
sible electron source, the fact that the presence of the ion trap
intrinsically leads to broad electron kinetic energy distributions
shows that an electron source with a well defined distribution
would probably provide little additional insight.

Electron abstraction probability and charging limits

In this section, the NP charging rate k., is separated into the
electron abstraction rate ks and the electron attachment rate
kate by fitting keora; @s a function of pressure p. Factorizing kapst
into a gas-type independent constant and the gas-type depen-
dent electron abstraction probability allows a comparison of
the fit results for different gases with the respective gas IPs and
electron impact ionization cross sections. Subsequently, the
dependence of k,pst and kae on Q is explored. Extrapolating
kat to large Q yields charging limits, which are finally compared
to the experimental Qn.x values and the simulation results
from the previous section.

The experimental data recorded with standard trap poten-
tials were fitted as a function of pressure p using the linear
equation kiota) = mp — ka for each gas and for the same Q range,
respectively. Table 1 lists the fit results for the data in Fig. 5a
(fits for all analyzed Q ranges are summarized in Fig. S9). The
fits include only data above 10™° mbar, where the electron
density was found to be approximately constant. Thus, the
intercept represents the pressure-independent electron attach-
ment rate k., in the pressure range above 10~ mbar, and

Kabs .
the slope m = Zabst reflects the electron abstraction rate kabst at
p

102 mbar.

Table 1 Linear fit parameters for kiota, Slope m and intercept — kay, as a
function of p for Q = 500 to 800 e (see Fig. S8), as well as total electron
impact ionization cross sections g, averaged over electron kinetic ener-
gies from 30 eV to 200 eV with recommended values from ref. 22-25,
ionization potentials IPg,s from ref. 26—31, and the ratio m/(oekar). See text
for details

m = kapst/p Kate Og1 m/ (”Elkatg)
Gas (ubar ' min') (min™') (A*) IPg (eV) (wbar " A7)
Ar 4.6 £ 0.4 3.4 +0.5 2.78 15.8 0.49 £ 0.08
N, 4.0+06 5.5+ 1.0 2.26% 15.6 (N,), 14.5 (N) 0.32 + 0.08

0, 1.59 +0.10
He 0.60 & 0.07

5.3 4+ 0.3 2.20° 12.0 (O,), 13.6 () 0.137 £ 0.012
1.3 +£ 0.2 0.32 24.6 1.44 + 0.33

“ The dominant ions are N," (0,") and N* (O") with og; values of 1.70 A
(1.42 A) and 0.55 A (0.77 A).
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To compare the fit results across gas types, we factorize kapse
into the cation-NP collision rate and the probability P, that a
collision leads to electron abstraction:

kabst = CP OE1 katt Pabst (5)

The gas-independent constant C includes the cation-NP colli-
sion cross section in eqn (1), that depends on the kinetic energy
of the gas cations and the charge-dependent surface potential
of the NP. The cation density in the trap depends on the neutral
gas pressure p, the electron impact ionization cross section oy,
and the electron density in the trap that is proportional to kay,
assuming that the electron kinetic energy distribution remains
constant across gas types. Thus, the ratio = CP,pst iSO-
lates the gas-type dependence of P,pg.

The results in Table 1 show that P, is largest for He and
smallest for O,, in line with the IPs of the neutral species.
The exceptionally high IP of He makes electron abstraction
favorable, but its low o leads to low electron and ion densities
and, consequently, low overall charging rates at equal pres-
sures. For O, and N,, k... and gg; are similar, implying that the
favored discharging observed with O, arises solely from a lower
P,pse. An additional discharging mechanism via electron trans-
fer from O™ or O, to the NP is unlikely, as the formation cross
sections for O," exceed those for O~ by two orders of magni-
tude, and the formation of O, by three-body collisions is
negligible.*?

With Ar, k.. is lower than with N, and O,. Therefore, the
enhanced charging observed with Ar not only results from an
increased k,ps: but also from a reduced k,y, the origin of which
remains unclear. That k,ps (= mp) is still largest for Ar, despite
its proportionality to k, in eqn (5), is due to its 53% higher
P, compared to that for N,, even though the corresponding
IPs for the two gases are almost identical. Another explanation
could be a Penning ionization contribution to charging with
Ar for Q < 1000 e, where k,ps for Ar exceeds that for N, (see
Fig. 5b). However, electrons released via this mechanism must
escape the increasing surface potential of the NP, making it
energetically inaccessible above 300-700 e (for a NP work
function of 5-0 eV, a 130 nm diameter NP, and excitation
energies from 11.5 to 15.5 eV).

As Q increases, the product CP,ps generally decreases for all
gases (see Fig. S10). A higher (repulsive) Q linearly reduces the
NP-cation collision cross section in eqn (1), and thereby C. It is
conceivable that Q also alters P, by affecting the kinetic
energy of the ion impact or the NP’s work function.

To estimate the maximum Q for which electron abstraction
is possible, we analyze the dependence of k. on Q (see Table 1
and Fig. S9 for different Q ranges). The resulting O, and N, data
are presented in Fig. 5b (black dots) with a linear fit (black line)
according to the linear increase of the electron-NP collision
cross section with NP charge in eqn (2). The negative slope
reflects that k., increases with the larger collision cross section.

We can now explore how the experimentally observed max-
imum Q (see Fig. 5b) relates to the electron abstraction limits
(see eqn (4)) and assess their dependence on the trap potential
(see Fig. 9). Electron abstraction is limited by the maximum Q

oErkau
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that allows cation-NP collisions, Q%! = 4neg RU ~ 45 e(Uy /V),
assuming a maximum ion kinetic energy eU, in eqn (4) and a
130 nm diameter NP. In contrast, the observed maximum
charge with Ar buffer gas in Fig. 9 scales with Q!
3.7 e(Uy/V). We attempt a simultaneous linear fit of ki and
katt that reconciles the different scaling with the trap potential
U, in Section S8. The approach is not exact and fails with Ar and
He data, but a good and decent match with N, and O, data in
Fig. S11 shows that the different dependencies on the trap
potential can in principle be explained by the NP charge
dependence of k.. The resulting Q limits for electron abstrac-
tion lie between 10 000 e and 20 000 e, and therefore exceed the
energy limit for cation-NP collision by a factor of up to three
(see Fig. S4), possibly because the model neglects any charge
dependence of the electron attachment and electron abstrac-
tion probabilities upon collision of an electron or a cation with
the NP, and likely due to the rather poor applicability of data
extrapolation.

In the course of this article, we have discussed several
empirical and theoretical charging limits. In diffusion char-
ging, gas cations can overcome the Coulomb barrier of a NP
only with a few charges. The energy balance for thermal cations
in eqn (3) predicts an electron abstraction limit at ~300 e
(500 ¢) for a 130 nm NP in O, (Ar). Empirical data (see Fig. 5b)
shows that electron abstraction dominates up to =900 e
(1400 e) for O, (Ar), which reveals the important role of cation
acceleration by the trap potentials and is a lower bound
for the electron abstraction limit. Linear extrapolation of k.
to higher Q in Section S8 indicates much higher electron
abstraction limits. This is consistent with simulation results
indicating that gas cations can overcome the Coulomb barrier
up to ~8000 e for a 130 nm diameter NP at 200 V trap
amplitude (see Fig. S4). This value lies well beyond the Rayleigh
limit of ~2500 e for liquid droplets and corresponds to surface
potentials of ~180 V. Much higher charge states have been
reached for 500 nm diameter SiO, NPs with X-ray irradiation
near 538 eV photon energy inducing resonant Auger processes.®
In the cited study, a steady discharge due to residual gas
(~107% mbar) or ion desorption was reported above 40000 e
(=230 V potential) and charges > 60000 e (x350 V potential).
We typically use much higher pressures (~10~* mbar) for the
resonant excitation scheme to perform mass spectrometry and
for buffer gas cooling in cryogenic experiments. We conclude
that the charging will in this case be limited by a steady
discharge due to buffer gas before reaching the linear
extrapolation limit.

The role of the NP’s initial charge, size and material

In case of different types of charge carriers from the initial ESI
charging and later electron abstraction, the initial charge,
possibly in form of Na' ions, could influence the charging
rates. The available data do not provide information on this
question. Instead, we estimate the charge per silica molecule
on the surface: with 600 e as an empirical upper bound of the
as-trapped NP charge, 130 nm NP diameter, Wigner Seitz radius
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+/3/4mn with number density n (derived from the silica bulk
density of 2.65 g cm°), and hexagonal packing, one obtains
less than 1 initial charge carrier per 600 surface SiO, molecules.
This coverage seems too small to have a significant effect on the
charging rates that are caused by interactions with electrons
(mediated by Coulomb attraction and energy dissipation by
surface collisions) and ions (mediated by electron transfer from
the NP surface to a colliding ion).

For the practical application of the reported results, it is also
important to consider the role of the NP size, given by radius R.
As the NP surface potential, ionization potential and electron
affinity depend on the ratio Q/R, see eqn (4) and Section S10 of
the SI, the discussed trends as a function of NP charge Q
similarly hold for changes of the inverse NP radius R '. In
addition to the dependence on Q/R, the collision cross sections
of cations and electrons with a NP in eqn (1) and (2) scale with
the geometric cross section nR>. Disregarding possible effects
of the surface charge on electron attachment and electron
abstraction probabilities upon collision of an electron or a
cation with the NP, we can summarize that all charging rates
are expected to increase quadratically with NP size and that the
ratio of the electron abstraction and attachment rates decreases
monotonously with Q/R,

)¢/ o
. 1— (= )e/ (dneg ESRUON
Kabstr agiﬂon_NP (R ( O kin ) (6)

X = .
kan O.gloeﬁtron—NP 1 + (Q) e,/ (4n60E§l_eclr0n)
R mn

The pressure and charge dependencies reported in this work
should therefore be largely applicable to different NP sizes
when considering scaled rates k/R* and scaled charges Q/R. In
case of negatively charged NPs, the sign of Q changes such that
eqn (6) monotonously increases with |Q/R|. Consequently,
electron attachment is favored for small |Q/R|, that is large
NP radius R: the lower surface potential for large R reduces both
the enhancement of the collision cross section for cations due
to Coulomb attraction and the suppression of the collision
cross section for electrons due to Coulomb repulsion. Thus,
larger NPs are beneficial for future attempts to negatively
charge anionic NPs.

Charging rates were also measured for ~50 nm diameter Au
NPs at low Q (300-750 e), which allows a comparison with a
different NP material. However, the previous discussion on the
size dependence advises to compare scaled rates k/R>. As the NP
surface potential scales with Q/R (see eqn (3) and (6)), these
charging rates are additionally compared to those of ~100 nm
SiO, NPs at approximately twice the NP charge, 2Q. The effect of
the work function is less clear, as its bulk value is similar to that
of SiO, and it significantly decreases for smaller NPs.**3*
Empirical results show that also for 50 nm Au NPs, keal
decreases with higher Q and higher pressure (Fig. S12a), which
is in line with the SiO, data. Across the measured Q range, kiota1/
R’ is notably higher for Au NPs compared to SiO, NPs, which is
even more pronounced in comparison to SiO, data with charge
2Q (Fig. S12b and c). The present data only allows to speculate
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that a lower work function of Au at 50 nm diameter or the
charge delocalization in the metallic NP may contribute to
higher electron abstraction probabilities. Extended data with
different NP sizes for the same material and different NP
materials for the same NP size will be needed to clarify the
situation and to establish a quantitative correspondence
between charging rates and NP material.

Conclusions

Measuring single particle charging rates of cationic 100 nm
diameter SiO, NPs in an ion trap under different experimental
conditions revealed the importance of the trap potential to
charge NPs. The results demonstrate controlled discharging of
positively charged NPs with a cold cathode gauge. Using O, gas,
discharging was achieved even at pressures up to ~10> mbar,
which is attributed to a lower electron abstraction probability
due to the lower IP of O, compared to other gases. Discharging
was also successful using Ar gas with a tailored waveform for
the trap potentials instead of O,, allowing inert measurement
conditions. Among the buffer gases studied (Ar, N,, O,, and
He), Ar proved to be the most efficient for charging NPs,
particularly at high pressure and high trap amplitude. In
contrast, even though He' exhibits a higher electron abstrac-
tion probability (from a NP) than Ar” does, He’s lower electron
impact ionization cross section makes He gas inefficient for
charging. Knowledge on the dependence of the different char-
ging mechanisms on experimental conditions allows to control
the charging/discharging rate, a prerequisite for performing
efficient experiments to investigate the charge-state dependent
properties of a single NP. Charging of 50 nm diameter Au NPs
with Ar gas depends on pressure and charge in a similar way.

Our results corroborate that electron abstraction by gas
cations and direct electron attachment are the dominant char-
ging mechanisms. However, neither diffusion charging by
thermal gas cations nor the energy balance for electron abstrac-
tion by thermal gas cations can explain the obtained high NP
charges. We demonstrate that the ion trap radio frequency
potential is the main driver of electron abstraction. The trap
potential accelerates gas cations, enabling them to overcome
the NP’s repulsive surface potential. The generation of gas
cations in the trap by electron impact ionization is also steered
by the trap potential, as it accelerates incoming electrons.
Efficient discharging via electron attachment therefore can be
enhanced using a waveform generator capable of generating
customized waveforms including zero-potential gaps, thereby
preventing acceleration of electrons and ions and admitting
slow electrons to the trap center.
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